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Abstract 
The anelastic strain measured using tensile loading-unloading loops in pure Mg and in binary 
solid solutions of Mg-Al and Mg-Zn, with contents of 0.5, 2 and 9 at.% Al and 0.8 and 2.3 at.% 
Zn, was correlated with available data for the area fractions and number densities of twins, for 
applied strains of up to 3%. For pure Mg, no anelastic strain was observed up to about 4% area 
fraction of twins and at an applied plastic strain of ~1.7x10
-4
, after which it increased rapidly, 
levelling off at a plastic strain of ~1%. The alloys followed the same pattern, but from much 
smaller minimum area fractions of twinning, <1% for Mg-Zn, and ~2% for Mg-Al, at applied 
plastic strains of ~2.5x10
-4
 and ~3.1x10
-4
, respectively. The anelastic strain saturated at a 
maximum value of ~0.002 for all alloys, save for the 9%Al for which it reached a much larger 
level (~0.004).  The correlation with the number density of twins followed similar patterns.  For 
a given alloy, the magnitude of the anelastic effect can be related to the applied stress in excess 
of that required to initiate microplasticity. The results are discussed in terms of the solid solution 
hardening and softening effects upon basal and prism slip in the dilute alloys, and of short range 
order upon slip and twinning in concentrated Mg-Zn. 
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1. Introduction 
Due to its limited number of slip systems, plastic deformation in pure Mg involves profuse 
activation of (1012) <1011> twinning from very low strains. Once nucleated, the twins grow 
laterally in the undisturbed parent matrix with the increase in the applied stress [1]. (1012) twins 
are unstable in the loaded condition [2], partially reverting upon unloading [3] or during reversed 
loading [4, 5], giving rise to large hysteresis loops (i.e. large anelastic behavior) in the stress-
strain curve [6-8].  
 
Experiments show that solutes generally shift the activation of twinning to larger stresses and 
strains [9, 10], but the effect of solute on the anelastic behavior is less predictable: e.g., the 
anelastic strain decreases monotonically with increasing solute concentration in the Mg-Zn 
system, whereas in Mg-Al it decreases for concentrations up to 2%, increasing thereafter [8, 11, 
12].  
 
Neutron diffraction experiments show that for a given alloy and grain size the magnitude of the 
anelasticity is related to the volume fraction of grains that are favorably oriented for twinning 
[4], as expected from simple geometry  [11, 13]. On a closer look, the increased anelasticity for 
smaller grain sizes suggests that the number of twin interfaces is a controlling factor for given 
volume fraction of twins [1, 11].  The numbers of twins cannot be elucidated by volumetric 
techniques such as neutron diffraction, and quantitative metallography is required instead in 
order to better understand microstructural effects, including the solute. 
 
The current study was aimed at determining the relationship between the magnitude of the 
(loading-unloading) anelastic behavior and the area fraction and number density of twins in pure 
Mg and a range of binary Mg-Al covering dilute (0.5 at.%)  and concentrated (2 and 9 at.%), all 
with comparable grain sizes, and Mg-Zn alloys with concentrations of 0.8 and 2 at.% and two 
grain sizes. To avoid texture effects associated with grain refining methods involving 
deformation and recrystallization, all of the materials were cast. The grain size was controlled 
through suitable combinations of grain refiner and solidification rate.  
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2. Materials and Data for Analysis  
The chemical compositions and the grain sizes of the materials studied are given in Table 1. The 
0.5Al alloy was prepared by melting pure Mg in an electrical resistance furnace using a SF6+CO2 
mixture as cover gas. A predetermined amount of Al was added prior to pouring at 720 C. 
Suitable amount of Al-10 mass% Sr master alloy was used to refine the grains of the 0.5 Al 
alloy. Solution heat treatment was carried out at 413 C for 10 hr.  
 
The main parameters used to characterize the anelasticity are defined in Fig. 1. Save for the 
0.5Al, the anelasticity data were sourced from [12] and [8, 11].  The anelastic strain 
measurements of the 0.5Al alloy were carried out using the procedure described in Ref. [12]. The 
twinning metallography data for pure Mg and 2Al are from Ref. [14], whereas those for 0.5Al, 
9Al and Mg-Zn were determined out using the procedure described in the Appendix-A and Ref. 
[14].  
 
 
Table 1. The chemical composition and the average grain size of the alloys studied. Data from 
the present study (0.5Al) or from Refs. [8, 12] 
Key Mg 0.5Al 2Al 9Al 0.8Zn 2.3Zn 
Solute 
content 
(at. %) 
- 0.52 2.03 9.03 0.84 0.77 0.82 2.13 2.10 
Average 
grain size 
(μm) 
170 230 230 130 65 160 375 80 340 
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Fig. 1. Loading-unloading hysteresis loop of tensile specimen (schematic). E is the elastic 
modulus of pure Mg (44 GPa),  and  are the flow stress and the strain at the start of the 
unloading; p, a and e are the true plastic, anelastic and linear-elastic strains, respectively, at 
zero load. The incremental stress, ∆ =  () - (0.02%), was calculated with reference to the 
(0.02%) off-set strain yield strength, see Fig. 2.   
 
3. Results 
The extent of solid solution hardening in each alloy system is illustrated by the monotonic 
tension and compression flow curves of Fig. 2, which also shows that the flow stress in 
compression was consistently less for all of the alloys.  Note that the strengthening introduced by 
Zn in solution is stronger than that of Al, an effect ascribed to the development of short range 
order (SRO) by the former solute [15, 16]. Figure 3 shows that for pure Mg, no anelastic strain 
up to an applied plastic strain of ~0.017% was detected, after which it increased rapidly, 
levelling off at a value of ~ 0.0025. The alloys followed the same pattern, only starting at slightly 
larger plastic strains, ~0.025% (Mg-Al) and 0.031%, (Mg-Zn). The magnitude of εa was lower 
for the alloys in comparison with pure Mg, except for the 9Al alloy, for which it became greater 
at large strains. For any given alloy, the anelastic effect was always larger in compression than in 
tension.  
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Fig. 2. Flow curves of, a) Mg-Al and b) Mg-Zn alloys, tested in monotonic tension (solid lines) 
and compression (dashed lines), plotted using the data from Refs. [8, 12], except for the 0.5Al 
alloy. The lines marked 0.02% and 0.2% identify the off-set strains used to calculate the flow 
stress values used in the text (cf. Figs. 1 and 6-8). For these and subsequent figures, the grain 
sizes of Mg and Mg-Al alloys are listed in Table 1. 
  
 
 
(b) (a) 
(b) (a) 
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Fig. 3. The anelastic strain, εa, as a function of the true plastic strain, εp, for (a) Mg-Al, 
reproduced from Fig. 3 of [12], except for the 0.5% Al, and (b) Mg-Zn alloys, reproduced from 
Ref. [8, 11]. The solid and dashed lines indicate tension or compression, respectively. The line at 
which εa = εp is drawn for reference.  For clarity, compression data are shown only for pure Mg, 
9Al and 2.3Zn-340 µm, and the actual data points were removed.  
 
 
The anelastic strain data of Fig. 3 were plotted as functions of the area fraction and number 
density of twins in Figs. 4 and 5. Anelasticity developed in pure Mg only after a fairly large 
(~4%) area fraction of twinning was present, whereas in Mg-Zn the effect developed at area 
fractions below 1%. Mg-Al exhibited an intermediate behavior between the pure metal and Mg-
Zn. Figure 5 shows that the behavior in terms of number density of twins was similar.  
 
 
Fig. 4. The anelastic strain data of Fig. 3 are plotted as a function of the area fraction of 
twinning for (a) Mg-Al and (b) Mg-Zn alloys. 
 
(b) (a) 
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Fig. 5. The anelastic strain as a function of the number density of twins for (a) Mg-Al, and (b) 
Mg-Zn alloys.  
 
 
4. Discussion  
Anelastic behavior  
The decrease in anelastic strain with the solute concentration (Fig. 3) can be rationalized 
considering that substitutional solutes, when present in low concentrations (< 1 at. %), introduce 
solid solution softening on the prismatic planes [17]. By making prismatic slip easier, twinning 
becomes less necessary as a deformation mechanism on the alloys, and a reduced amount of 
twinning, hence of reversible twinning, follows. The increased anelasticity at high concentrations 
of Al, on the other hand, suggests that solid solution hardening off-sets the solid solution 
softening of the prismatic planes, and twinning becomes a prominent mechanism, only at higher 
stresses than for the more dilute alloys.   
 
The stronger effect of Zn in solution in comparison with Al can be understood considering the 
tendency of the former to develop SRO [15, 16, 18], in conjunction with the “shuffling-
dominated” feature of (1012) twinning [19-21]. The latter magnifies the hardening effect of Zn 
(b) (a) 
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upon twinning, especially at the higher concentrations, thus preventing the “return” of twinning 
as a prominent mechanism the way it occurs in the concentrated Mg-Al alloys.  
 
Area fraction of twins and anelastic strain 
The lack of correlation between anelasticity and area fraction or number density of twins (Figs. 4 
and 5) dismisses the idea that the number of twin interfaces alone determines the amount of 
anelastic strain as assumed in prior analyses of the phenomenon [1, 11], where it was argued that 
the number of twin interfaces, larger for small grain sizes, should account for the increased 
amount of anelasticity for small grain sizes. An alternative explanation involving the effective 
stress is put forward in the next section. 
 
Stress dependence  
A clearer pattern of behavior and a better differentiation between the alloy systems or the 
particular solute dependant details can be obtained using the stress increment as independent 
variable, done in Figs. 6 and 7 using the area fraction and number density of twins data.  With 
reference to Fig. 1, the stress increment, Δσ, was calculated as the difference in flow stress at the 
start of the unloading and at the onset of microplasticity, (defined by the 0.02% off-set strain in 
Fig. 2).  
 
With reference to Fig. 6, in pure Mg, and to a large extent in Mg-Al, saturation of the area 
fraction of twinning occurred following a well-defined, single step-wise increment. In contrast, 
in Mg-Zn twinning it increased gradually over a range of stresses which became wider with the 
concentration. Figure 7 shows that the number density of twins mimicked this behavior for all of 
the materials.  
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Fig. 6. The area fraction of twins as a function of the stress increment for pure Mg and (a) Mg-
Al and (b) Mg-Zn alloys. 
 
 
Fig. 7. The number density of twins as a function of the stress increment for pure Mg and (a) 
Mg-Al and (b) Mg-Zn alloys.  
 
(b) (a) 
(a) (b) 
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Fig. 8. The anelastic strain, εa, as a function of the stress increment for pure Mg and (a) Mg-Al 
and (b) Mg-Zn alloys, tested in tension (solid lines) and compression (dashed lines). For clarity, 
compression data are shown only for pure Mg, 9Al and 2.3Zn-340 µm.  
 
 
The anelastic strain, Fig. 8, of pure Mg and the dilute Mg-Al alloys exhibited a fairly similar 
behavior and reached a comparable magnitude. For the more dilute Mg-Zn alloys, it was less and 
tended to spread over a wider range of stresses. For the 9Al and the 80 µm 2.3Zn specimens, the 
development of anelasticity was a more protracted process. 
 
The commonality of behavior in Figs. 8-a and b suggest a very credible account of the 
micromechanics for the anelastic behavior:  the activation of twins, hence the fraction of 
reversion, are determined by the difference between the applied and the internal stress.  
 
The larger anelastic effect of the 9Al alloy, and the reduced anelasticity of the 2.3Zn alloy can be 
accounted for through the solid solution hardening and SRO, consistently with the above 
argument. A minimum amount of internal back-stress is always required for the twins to reverse 
and this depends on the alloy. In the case of pure Mg, the lower CRSS of twinning allows 
profuse twinning at very low strains that occurs well before the required stress for partial 
(b) (a) 
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reversion builds up; the stress at which twinning is first activated is much less than for the alloys, 
hence reversion is not observed until a relatively large volume fraction of twins accumulates in 
the entire volume. In Mg-Al, a trade-off between the solid solution hardening of the basal planes 
and solid solution softening of the prism planes takes place, regarding the area fraction of 
twinning.  In the dilute alloys, solid solution softening of the prism planes makes twinning first a 
less favorable deformation mechanism, but as the Al concentration increasingly offsets the 
softening effect, twinning becomes again a more favorable mechanism and the increased 
anelastic behavior of the 9%Al alloys follows. In the Mg-Zn alloys, the extra hardening 
introduced by SRO upon {1012} twinning is reflected by the monotonic decrease of the anelastic 
effect. The stronger effect of Zn on twinning can be ascribed to the shuffling-dominated feature 
of (1012) twinning, [20, 21], as already mentioned, and which makes this form of twinning very 
sensitive to atomic order. 
 
The metallography data used in this study was obtained only in tension. However, and as already 
argued, since the difference between tension and compression stems from the polar character of 
twinning [11, 13], i.e., the difference stems only from in which grains twinning is activated, as 
decided by the principal stress and not by crystallography, it seems safe to assume that the 
present conclusions can be extended to compression.  
 
5. Conclusions   
For pure Mg, no anelastic strain was observed up to about 4% area fraction of twins (at an 
applied plastic strain of ~1.7x10
-4
), after which the anelastic strain increased rapidly, levelling 
off at ~ 0.0025.  
 
The alloys reproduced the behavior of the pure metal, but anelasticity was detected at much 
smaller area fractions of twinning, <1% for Mg-Zn, and ~2% for Mg-Al and at larger plastic 
strains, ~2.5x10
-4
 and ~3.1x10
-4
, respectively.  
 
The anelastic strain saturated at ~0.002 strain for all of the alloys, save for the 9%Al for which it 
saturated at ~0.004 strain.   
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For a given alloy, the magnitude of the anelastic effect can be related to the applied stress in 
excess of that required to initiate microplasticity.  
 
The effect of Al and Zn in solution on the anelastic behavior can be accounted for by a 
combination of solid solution hardening and softening on prismatic slip, random solid solution 
hardening in Mg-Al and short range order upon twinning in the Mg-Zn alloys.  
 
The stronger effect of Zn on twinning seems to be a manifestation of the shuffling-dominated 
feature of (1012) twinning, which makes this form of twinning very sensitive to atomic order. 
The weaker solid solution hardening effects of Al would thus account for the behavior of Mg-Al 
being intermediate between the pure metal and Mg-Zn. 
 
Appendix A: Metallography of twins  
The area fraction and number density of twins were determined using the optical microscopy 
Nomarski interference contrast technique on flat, pre-polished tensile specimens of dimensions 5 
x 6 mm
2
 and gauge length of 25 mm. The specimens were deformed in a tensile testing machine 
at a rate of 0.1 mm/min to predetermined plastic strains of 0.1, 0.5, 1, 2 and 3%, save for the Mg-
Zn alloys which fractured after 2% strain, largely because of oxides and porosity. After each 
straining step, the specimens were removed from the testing machine and optical micrographs 
(using Nomarski interference contrast) were taken at every 2 mm along and across the gauge 
length to a total of between 25 and 36 fields of view. Figure A-1 shows micrographs of pure Mg, 
Mg-2Al and Mg-2.3Zn alloys, taken at 1% strain.  
 
The area fraction of twins was measured according to the ASTM E562-02 [22] standard by 
superposing a transparent 19 x 13 square grid over the micrographs and counting the number of 
points falling on the twins. The number density of twins was determined by counting the total 
number of twins on every field of view. The number of measurements were same for all 
materials/strains, keeping the standard errors comparable with each other.  Further details can be 
found in [14].  
 
 
13 
 
 
 
 
 
 
 
 
 
 
Fig. A-1. Nomarski interference contrast photomicrographs for a) pure Mg – grain size 170 μm, 
b) Mg-2Al alloy - grain size 230 μm, and c) Mg-2.3Zn alloy - grain size 340 μm, taken at 1% 
strain. 
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